Anomalous Microwave Emission (AME) is a significant component of Galactic diffuse emission in the frequency range 10-60 GHz and a new window into the properties of sub-nanometre-sized grains in the interstellar medium. We investigate the morphology of AME in the ≈ 10 • diameter λ Orionis ring by combining intensity data from the QUIJOTE experiment at 11, 13, 17 and 19 GHz and the C-Band All Sky Survey (C-BASS) at 4.76 GHz, together with 19 ancillary datasets between 1.42 and 3000 GHz. Maps of physical parameters at 1 • resolution are produced through Markov Chain Monte Carlo (MCMC) fits of spectral energy distributions (SEDs), approximating the AME component with a log-normal distribution. AME is detected in excess of 20 σ at degree-scales around the entirety of the ring along photodissociation regions (PDRs), with three primary bright regions containing dark clouds. A radial decrease is observed in the AME peak frequency from ≈ 35 GHz near the free-free region to ≈ 21 GHz in the outer regions of the ring, which is the first detection of AME spectral variations across a single region. A strong correlation between AME peak frequency, emission measure and dust temperature is an indication for the dependence of the AME peak frequency on the local radiation field. The AME amplitude normalised by the optical depth is also strongly correlated with the radiation field, giving an overall picture consistent with spinning dust where the local radiation field plays a key role.
INTRODUCTION

Anomalous Microwave Emission
Anomalous Microwave Emission (AME) is a major component of Galactic diffuse emission between 10 < ν < 60 GHz, discovered by an excess of emission strongly correlated with far-infrared (FIR) emission that could not be explained by synchrotron or free-free emission (Leitch et al. 1997; Kogut et al. 1996; de Oliveira-Costa 1998) . We now know this correlation exists down to 2 arcmin scales (Casassus et al. 2006 (Casassus et al. , 2008 Scaife et al. 2009; Dickinson et al. 2009 Dickinson et al. , 2010 Tibbs et al. 2013; Battistelli et al. 2019; Arce-Tord et al. 2019) with the caveat that most of the emission is diffuse at larger angular scales, and that AME is generally associated with colder dust in the range 14-20 K (Planck Collaboration et al. 2014d) . The prevailing idea is that the majority of AME arises from electric dipole emission from rapidly rotating dust grains (Draine & Lazarian 1998a) . This spinning dust hypothesis is increasingly favoured by observational results, although alternative mechanisms have been proposed (Draine & Lazarian 1999; Bennett et al. 2003; Meny et al. 2007; Jones 2009; Nashimoto et al. 2019) . For the purpose of this paper, it is assumed that the majority of AME originates from spinning dust grains. Observations suggest that AME is ubiquitous along the Galactic plane and that it accounts for up to half of the flux density in intensity at ∼ 30 GHz (Planck Collaboration et al. 2014d , 2016c , being strongest in PDRs such as Perseus (Watson et al. 2005; Tibbs et al. 2010; Planck Collaboration et al. 2011) , ρ Ophiuchi (Casassus et al. 2008; Planck Collaboration et al. 2011) , molecular clouds (Planck Collaboration et al. 2014d; Poidevin et al. 2019; Génova-Santos et al. 2011; Planck Collaboration et al. 2014e ) and other dense environments associated with Hii regions (Todorović et al. 2010) . A comprehensive review of AME is given in Dickinson et al. (2018) .
Spinning Dust
The electric dipole spinning dust mechanism was first proposed by Erickson (1957) . This possibility was pursued further due to the high degree of correlation between AME and far-infrared (FIR) emission from larger grains observed by CMB experiments in the late 1990s (Leitch et al. 1997; Kogut et al. 1996; de Oliveira-Costa 1998) , prompting a spinning dust theory by Draine & Lazarian (1998b) . This model describes the exchange of angular momentum between dust grains and their environment, including collisions and the absorption and emission of photons. In grains with an electric dipole moment that is misaligned with the axis of rotation, electric dipole emission is generated at the rotational frequency. The total power emitted is dominated by the fastest spinning grains, which are in turn the smallest. This is the reason naturally abundant nanoparticles such as polycyclic aromatic hydrocarbons or PAHs (Draine & Lazarian 1998a) , nanosilicates (Hensley, Draine & Meisner 2016a; Hensley & Draine 2017) , fullerenes (Iglesias-Groth 2005) and nanodiamonds (Greaves et al. 2018) have been proposed as being dominant spinning dust carriers. Despite the rise in emitted power with frequency, few grains achieve very highfrequencies due to the intrinsic thermal cut-off since the fastest spinning grains lose their energy more rapidly and the fact that strong radiation fields can break the dust grains and ionize the interstellar medium, effectively reducing spinning dust emission. It is this trade-off that gives rise to the peaked spectrum observed.
Despite the simplicity of the single dipole case, the shape of the spectrum depends on the distribution of grain sizes, dipole moments, densities and the local radiation field, making it difficult to model. Several improvements to the Draine & Lazarian (1998a) model have been made by Ali-Haïmoud, Hirata & Dickinson (2009) ; Ysard & Verstraete (2010) ; Hoang, Draine & Lazarian (2010) ; Hoang, Lazarian & Draine (2011) and Silsbee, Ali-Haïmoud & Hirata (2011) . The most recent spinning dust modelling code, which integrates some of these changes, is the SpDust2 1 model (Ali-Hamoud 2010; Silsbee, Ali-Haïmoud & Hirata 2011) . The observed AME distribution is often a superposition of components, resulting in a high-dimensional parameter space that makes linking the shape of the observed AME spectrum with theory challenging without ∼ 1 GHz spectral resolution data points in the range 10-60 GHz and more frequency points than are currently available. Conversely, a robust understanding of the theory would provide a direct way of measuring the many astrophysical parameters on which spinning dust emission depends.
One of the strongest experimental arguments for the spinning dust hypothesis as the dominant emission mechanism of AME is the lack of observed polarization, since alternative mechanisms often imply measurable polarization fractions. At degree-scales, upper limits on the polarization fraction of the order of 1% on 1 • scales (Dickinson, Peel & Vidal 2011; López-Caraballo et al. 2011; Rubiño-Martín et al. 2012; Génova-Santos et al. 2017) and upper limits of a few percent at arcminute scales (Mason et al. 2009; Battistelli et al. 2015) have been set. The current absence of AME polarization detections also highlights the importance of intensity data as a bridge between observations and theory, and in turn, a tool to understand the level at which polarized emission is expected, which is important for both astrophysics and CMB polarization observations.
The λ Orionis Ring
The ≈ 10 • diameter λ Orionis ring is a dense neutral hydrogen shell surrounding the expanding Hii region Sh2-264 (Sharpless 1959) , which is ionized by O8 III star λ Orionis and its B-type associates, roughly 5 Myr old (Murdin & Penston 1977) . Observationally, the large angular extent of λ Orionis makes it a good case study to test the spinning dust hypothesis through the direct detection of AME using degree-resolution data, with the advantages that it has an approximately circular symmetry and a clear separation between the Hii bubble and the surrounding dust. The Hii region, a good example of a Strömgren sphere, lies at a distance of ∼ 420 pc (Schlafly et al. 2014) , implying the ring is ∼ 70 pc across. Surrounding the free-free emissiondominated Hii shell is a ring of dust, which can be seen through thermal dust emission above ∼ 100 GHz. The interface between the colder molecular clouds and the ionized Hii region near the inner edge of the ring is a photodissociation region, which is a favourable environment for bright AME due to its high density and radiation field (Dickinson et al. 2018) . The PDR, starting at a radial distance of ≈ 4 • from star λ Orionis, hosts an environment in which small grains can be charged by and simultaneously protected from the ionizing radiation.
While the ring has not been widely studied as a whole due to its large angular scale, it has been observed in HI (Wade 1957; Zhang & Green 1991) , CO and FIR. CO observations by Maddalena & Morris (1987) suggest that the ring was formed by an initially flattened molecular cloud that expanded into a shell, primarily disrupted by λ Orionis, projecting the current ring shape. Far-infrared IRAS data (Zhang et al. 1989 ) revealed an almost perfectly symmetric dust ring with a fragmented substructure, heated by a strong radiation field dominated by star λ Orionis, whose position is shown in Fig. 1 . More recent CO observations (Lang et al. 2000; Lang & Masheder 1998 ) and simulations of the ring's morphology (Lee, Seon & Jo 2015) support the basic shell model with a secondary toroidal ring component, favouring the flattened progenitor molecular cloud hypothesis. The star λ Orionis, which dominates UV emission in the region, has a proper motion of ≈ 3 mas yr −1 (van Leeuwen 2007) and is offset about a degree from the geometrical centre of the ring (Dolan & Mathieu 2002) .
The region is shown in Fig. 1 . At a FWHM of 1 • it displays three distinct cores labelled A, B and C, each consisting of one or several dark and molecular clouds (Barnard, Frost & Calvert 1927; Lynds 1962) , with many smaller clouds lying around the ring. While region A is dominated by dark cloud B30, region B is a mixture of dark clouds B223, LDN1588, LDN1589 and LDN1590. Likewise, region C consists primarily of LDN1602 and LDN1603. The λ Orionis ring is also in the vicinity of the Orion Molecular Cloud Complex, which can be seen a few degrees west of region C. The changes in the morphology of the region as a function of frequency can be seen in Fig. 1 , with a free-free emission bubble transitioning into a ring of thermal dust emission above ∼ 100 GHz. An excess of emission above 11 GHz can be seen in all three major cores, hinting that the regions are AME-dominated at such frequencies. Due to the higher radiation field on the inner side of the PDR, the highest spinning frequencies are also expected on the inner side, where the stronger radiation can break grains such as PAHs into smaller grain populations (Tielens 2008) and impart greater angular momentum. The ring was first identified as an interesting AME source by the Planck Collaboration et al. (2016c) due to the high degree of correlation between AME and thermal dust emission near region A.
The data used are introduced in Section 2, followed by the emission models and methods in Section 3. Results and their physical interpretation are presented in Section 4.
MAPS
QUIJOTE
The QUIJOTE (Q-U-I JOint TEnerife) experiment (Génova-Santos et al. 2015 ) uses a set of microwave polarimeters at the Teide Observatory in the Canary Islands, 2400 m above sea level. It consists of two 2.25 m crossed-Dragone telescopes and three instruments, spanning the frequency range 10-40 GHz with angular resolutions ranging from 0.9 at the lowest frequency to 0.3 deg at the highest one. Here we use data from the Multi-Frequency Instrument (MFI), which started operations in November 2012. MFI operates at 11, 13, 17 and 19 GHz, which is an ideal range to detect the low-frequency upturn of AME. In particular, intensity data in λ Orionis from the QUIJOTE wide survey smoothed to a FWHM of 1 deg are used, with a total of ≈ 8500 hours at each frequency covering ≈ 71% of the full sky over 5 years of observations. QUIJOTE data enable the measurement of the low-frequency tail of AME, and together with WMAP and Planck maps between 22.8 < ν < 60.8 GHz, a full measurement of the AME curve can be obtained. This allows us to directly measure the AME peak frequency and width with more accuracy than in Planck Collaboration et al. (2014d) without assuming priors on the width or using widths from single-component SpDust models. For detailed characteristics, operation and noise properties see Rubiño-Martín et al. (in prep.) .
C-Band All Sky Survey
The C-BASS project (Jones et al. 2018) is an experiment to map the full sky at an effective frequency of 4.76 GHz and an angular resolution of ≈ 45 arcmin. We use data from the northern C-BASS telescope located in Owens Valley Radio Observatory, California, which uses a 6.1 m Gregorian antenna. It covers the band 4.5-5.5 GHz and has mapped the Northern sky above a declination of −15. • 6 for an effective observing time of ≈ 2200 hours between November 2012 and March 2015. While the astronomical calibration uncertainty is of the order of 1% (Pearson et al. in prep. and Taylor et al. in prep.) , an absolute calibration uncertainty of 3% is adopted in this paper. This is primarily to account for uncertainties in the scale calibration coming from uncertainties in the shape of the beam and sidelobes used for deconvolution. In future data releases, an absolute uncertainty of ≈ 1% is expected. C-BASS enables us to measure the level of freefree emission in the region much more accurately than with older surveys below 5 GHz, and in turn plays a major role in constraining the amplitude of the AME. We use the deconvolved intensity map presented in the upcoming northern survey paper, smoothed to a FWHM of 1 deg. Full details of the C-BASS northern survey are given in Pearson et al. (in prep.) and Taylor et al. (in prep.) .
Ancillary Data
Nineteen ancillary datasets between 1.42 and 3000 GHz are used in conjunction to QUIJOTE and C-BASS data, listed in Table 1 and mapped in Fig. 1 . These are also smoothed to a FWHM of 1 • and a smoothed CMB estimate is subtracted at frequencies above 10 GHz. In particular, we use the Needlet Internal Linear Combination (NILC) CMB map (Planck Collaboration et al. 2018) . Other CMB separation methods such as SMICA, SEVEM and Commander were also tested, finding no significant differences in our analysis and results.
The lowest frequency survey at 1.420 GHz, which is calibrated to within 5% (Reich & Reich 1986 ), is assigned an Figure 1 . Multi-frequency view of λ Orionis in Galactic coordinates centred on G195.7-11.6 and spanning 16. • 7 on a side, corresponding to frequencies in Table 1 . All maps are smoothed to a FWHM of 1 • . Maps are also CMB-subtracted above 10 GHz and shown in mK, with the exception of the PAH emission-dominated AKARI 9 µm map. The backgrounds used for aperture photometry are delimited by the dashed lines. The colour scale ticks are set to exactly match the values shown. Key regions A, B and C are shown in the Planck 857 GHz map, where the position of O8 III star λ Orionis is indicated by the star-shaped marker. AME in all three regions is evident at QUIJOTE frequencies and up to ∼ 30 GHz. Grey areas are where no data are available. effective calibration uncertainty to account for the unknown full-beam to main-beam calibration of the dataset. A preliminary analysis by Irfan (2014) suggests that the scale calibration between extended and degree scales can be up to a factor of ∼ 2, differing from the 1.55 ± 0.08 factor between 1 • and 7 • in Reich & Reich (1988) . Therefore, we calibrated the dataset to degree-scales using the official factor and a 30% overall calibration uncertainty is assigned to account for the brightness temperature scale not being constant with angular scale, as shown in Table 1 . However, given the large calibration uncertainties in Reich, the dataset does not contribute as much as the C-BASS and HartRAO maps, and acts primarily as a check. The HartRAO map by Jonas, Baart & Nicolson (1998) is also used despite it not covering the north-eastern edge of the λ Orionis ring (see Fig. 1 ), and measurements are only considered one aperture away from this edge. Together with the C-BASS map, these two maps constrain the free-free emission level in the region.
In conjunction, we use WMAP (Bennett et al. 2013a ), Planck (Planck Collab. et al. 2018 ) and COBE-DIRBE (Hauser et al. 1998 ) data up to 3 THz, while avoiding molecular CO lines by excluding the 100 GHz and 217 GHz Planck HFI frequencies from the SED fit (Planck Collaboration et al. 2014c ). WMAP and Planck data above 100 GHz primarily measure the thermal dust emission curve, while data below 100 GHz constrain the high-frequency end of AME.
We also use the AKARI 9 µm data of the region used in Bell et al. (2019) . While this dataset is not used for SED analysis, it is used to assess correlations with AME in Section 4.5. The band covers the range 6 < λ < 12 µm, covering PAH-emission peaks at 6.2, 7.7, 8.6 and 11.2 µm. This map has an original resolution of ∼ 10 arcsec, which allows us to remove stellar emission by using a median filter to remove the well-separated small-scale bright distributions of stars from the diffuse emission before smoothing the maps to a FWHM of 1 deg, as shown in Fig. 1 .
SED FITTING
Foreground Modelling
Foregrounds around the λ Orionis ring are modelled using the superposition of free-free, AME and thermal dust models, resulting in an overall SED with 7 free parameters:
where S ff , S d and SAME are the free-free, thermal dust and AME contributions, respectively, and the 7 free parameters are defined in Sections 3.1.1-3.1.3. Models and observables are described in the following subsections. Synchrotron emission is not modelled since the Hii region is dominated by free-free emission at the frequencies used. The synchrotron component is smooth and relatively low across the region, contributing to less than 5% of the total emission in the Hii bubble at 1.42 GHz with the background subtraction used in SED measurements, as estimated by the Planck Collaboration et al. (2016a) Commander separation. No evidence of a steep synchrotron component is seen in the fitted spectra or in spectral indices of the region.
Free-free Emission
Free-free emission is mostly seen in the Hii region Sh-2-264 inside the λ Orionis ring. The flux density is given by
where ν is the observing frequency, kB is the Boltzmann constant, Ω b is the source solid angle and T ff is the freefree emission brightness temperature. We use the free-free brightness temperature model in Draine (2011):
where Te is the electron temperature and τ ff (ν) is the freefree optical depth, given by (4) where EM ≈ n 2 e dl is the emission measure along the line of sight, dependent on the electron density ne, and g ff (ν) is the dimensionless free-free Gaunt factor
where e ≈ 2.718 is Euler's number. This model works in both optically thick and thin regimes, although λ Orionis is optically thin with typical free-free optical depths of ∼ 10 −4 at 1 GHz. The spectrum follows a temperature spectral index of β ≈ −2.10, steepening above ∼ 100 GHz to β ≈ −2.14 (Planck Collaboration et al. 2015) . Due to the limited dependence of the model on the electron temperature and its narrow range in λ Orionis, we use a fixed Te = 7500 K, as measured by Quireza et al. (2006) and Maddalena & Morris (1987) , leaving EM as the only free parameter.
Anomalous Microwave Emission
AME is modelled using an empirical log-normal approximation, first proposed by Stevenson (2014) . This symmetrical distribution serves as an indicator of the presence, frequency position and width of AME while only introducing 3 free parameters, thus avoiding the high dimensionality and degeneracies of SpDust models while making no assumptions about the nature of the emission mechanism:
where AAME is the peak amplitude, νAME is the peak frequency in flux density, and WAME is the width of the spectrum. The relation between the log-normal and theoretical models is explored by fitting our log-normal model to typical SpDust2 models for cold neutral media, dark clouds, molecular clouds, warm ionized media and warm neutral media.
We find values between 0.4 < WAME < 0.7 for these environments, with a mean width of WAME ≈ 0.5 ± 0.1. In practice, slightly wider distributions than those in theoretical curves are expected due to the superposition of environments. In all cases, the log-normal models give a very good approximation near the peak of SpDust2 models, recovering the original AAME and νAME values. 
Thermal Dust Emission
Thermal dust emission, found primarily around the λ Orionis ring, is modelled as a single modified black-body curve, given by
where τ353 is the optical depth at 353 GHz, β is the emissivity index, and T d is the dust equilibrium temperature (Hildebrand 1983; Compiègne et al. 2011; Planck Collaboration et al. 2016d,b) . Typical values for the emissivity index are in the range 1.2 < β < 2.2 (Planck Collaboration et al. 2014a).
Aperture Photometry
Aperture photometry is a standard method of measuring the flux density of a source by integrating the brightness over the primary aperture enclosing the source and subtracting a background level measured from a background aperture. It has the advantage that it is not affected by the zero-level of the maps, although the primary and background apertures of the source must be spatially well defined in order to obtain accurate flux densities. In order to map flux densities in λ Orionis, aperture photometry with a common background aperture and a moving primary aperture is used. The background aper-ture is set as a fragmented annulus outside the ring, centred at G195.70 − 11.60 and with inner and outer radii of 7. • 0 and 8. • 0, respectively. The annulus is angularly limited to 150 − 200 • and 300 − 325 • , where 0 • is Galactic North, as shown in Fig. 1 . This ensures that the background is measured in regions of minimal foreground contamination, avoiding the Orion region towards the west, dust emission towards Taurus on the east and emission from the Galactic plane towards the north.
The moving primary aperture is the flux of each HEALPix (Górski et al. 2005) pixel at N side = 64 so that pixels are quasi-independent of each other. Maps at N side = 256 are also produced, but these are only used for visualisation purposes in Section 4.1 and N side = 64 maps are used for all the analyses presented. The median background is subtracted from the primary aperture at each frequency. The flux density uncertainties are a combination of the root mean square of background fluctuations and the effective calibration errors shown in Table 1 . This is a reasonable approach due to the very high signal-to-noise nature of the maps in the region at degree-scales, where the dominant uncertainty in flux density measurements comes from absolute calibration uncertainties. This results in parameter maps with a resolution given by the convolution of a 1 • FWHM Gaussian and the pixel size, giving an effective resolution of FWHM ≈ 1 • .
Colour corrections to account for the spectral effects of using finite bandwidths are applied iteratively using bandpass measurements for C-BASS, QUIJOTE, WMAP and Planck, and using top-hat bandpasses where bandpass measurements are unavailable. These corrections are at the level of less than a few percent, and under 1% in most cases.
MCMC SED Fitting
SEDs are fitted using the EMCEE ensemble sampler (Foreman-Mackey et al. 2013) backend, based on Goodman & Weare (2010) , and using a standard maximum Gaussian likelihood function. The main advantage of using MCMC fitting over a least-squares method is that MCMC enables the full exploration of parameter space, which is necessary to assess correlations between variables, the stability of solutions (e.g., multimodal solutions, skewed distributions, etc.) and other factors that can bias leastsquared fitting methods. This is especially important in the 7-dimensional parameter space fitted in this paper.
In order for the results to be derived entirely from the data, informative priors are not used. Instead, hard priors based on physical lower and upper limits are set and any quantity affected by the priors is masked from the resulting parameter maps. This is done by masking pixels where the parameter distribution fitted to the pixel is less than 3 σ away from the edge of the prior range of the parameter, meaning that the remaining parameter distributions are not affected by the priors. Limits of 10 < T d < 100 K, 5 < νAME < 70 GHz and 0.2 < WAME < 1.0 are used, based on the typical physical constraints in Planck thermal dust maps (Planck Collaboration et al. 2014a) and the statistical study of AME regions in Planck Collaboration et al. (2014d) . No priors are set in any other parameter, including component amplitude parameters AAME, EM and τ353. This ensures that detections of each amplitude are driven purely by the data and not biased by positivity priors. The limits on WAME parameter ensure that the shape of the spectrum is within the distribution of widths found for theoretical SpDust2 templates, which are in the range ∼ 0.4 < WAME < 0.7. This suggests that any log-normal widths above 1.0 or below 0.2 are unphysical and can thus be masked. The AME width is particularly hard to constrain in the centre of the ring, where only a marginal detection of the amplitude of AME is made.
In total, 300 walkers are used, each walking a total of 10000 steps, of which the first 5000 are removed as "burn-in" steps. All fits converge in < 1000 steps, with most reaching a steady state after ∼ 200 steps, justifying the choice of using 5000 "burn-in" steps. This leaves a total of 1.5 million samples in the posterior distribution, which are shown in Fig. 2 for a SED of dark cloud B223 in region B, which is one of the brightest AME cores. The number of steps to convergence is also reduced by initializing initial walker positions with a least squares fit and then randomizing the resulting parameters with a 50% Gaussian distribution. Walkers stuck outside of priors are also removed from the posterior distribution.
Step acceptances between 40 and 50% are observed in the parameter maps, indicating an appropriate step size. The correlation plots in Fig. 2 show that AME and thermal dust parameter MCMC distributions are very weakly correlated, while the strongest correlations are observed among the three thermal dust parameters. Linear correlations can also be seen between AAME and EM, as well as between the three AME parameters. These are the correlations that could bias a simple least-squares fit.
Validation Tests
A number of simulations were run to test the robustness and the ability of the MCMC pipeline to recover true sky parameters. The intrinsic decrease of the peak frequency gradient in the region was also tested, ruling out the possibility that degeneracies between νAME and other parameters contribute to the peak frequency gradient.
The basis of the simulations is the generation of SEDs from sets of physical parameters, which are then refitted using the MCMC pipeline. The simulated SEDs are created by calculating the flux densities and randomizing them by the effective calibration error shown in Table 1 . The uncertainties on the simulated SED flux densities are set by the calibration uncertainty on each parameter map, since this is the main source of uncertainty in the analysis.
Different input sets of physical parameters were tested. Firstly, the resulting parameter maps obtained were used as the input of the simulations to test the stability of the results. The recovered parameter maps were consistent with our results in Fig. 3 for each parameter, showing that the pipeline is robust since it can reproduce our results. An example of measured vs. simulated parameters is shown in Fig. 5 for the measured (orange markers in the bottom plot) and simulated (grey markers) AME peak frequencies, showing that the intrinsic decrease of the peak frequency with radius was recovered. More importantly, in order to show that the fits are not biased and confirm that the fitting pipeline recovers the true sky parameters, test input scenarios were used. In particular, we tested a scenario where every parameter is changing but the peak frequency is forced to have a constant value of νAME = 21 GHz. The simulation recovered the fixed peak frequency despite variations in other parameters, implying that the peak frequency gradient is not a consequence of the degeneracy between the radially decreasing free-free level. General cases of combinations of physical parameters in the region were also tested in order to check that the MCMC fitting routine can recover the true sky parameters. One such case was a low signal-to-noise AME scenario, where the input values are consistent with those recovered by the pipeline.
RESULTS AND DISCUSSION
Physical Parameter Maps
The physical parameter maps extracted from the MCMC SED fits are shown in Fig. 3 , together with their uncertainties. An AME signal-to-noise map is also presented as S/N AME , which shows that AME is detected with a statistical significance between ≈ 20 σ and ≈ 50 σ around the ring, and typical S/N AME between ≈ 3 σ and ≈ 7 σ in the Hii bubble due to the lower amplitude of AME in the region. All parameters with detections of each single parameter under 3 σ are masked in Fig. 3 .
The overall environment of the region is reflected by the thermal dust and free-free emission parameters. The emission measures recovered trace the radially decreasing ion- B223 (region B ) , which is one of the brightest AME cores. The corner plot shows 2D histograms of the 1.5 million walker positions after the burn-in period for every parameter pair, with a total position histogram at the end of each row, showing the mean and 1 σ bounds of each parameter. The SED (top-right) shows flux densities in orange and the best fit curve (blue) to a free-free (dash-dash), AME (dash-dot) and thermal dust (dot-dot) models. The fit residuals are shown below the SED as ∆σ, which indicates the number of standard deviations each data point is away from the best fit model. Note that most photometric uncertainties are smaller than the data points, and that unfilled circles are excluded from the fit. ization from λ Orionis, and they also reflect the clear distinction between the inner Hii region and the dust ring at a radius of ≈ 4 • . The strongest emission measures are skewed towards the south-east, with a steep reduction in free-free emission between regions A and B corresponding to the photodissociation region between the ring and the Hii shell. The effect of the radiation field from λ Orionis is also imprinted in the dust temperature map, with T d varying from ≈ 27 K near the central star to ≈ 18 K in the ring in a less uniform radially outward fashion. The optical depth map, τ353 shows a very high degree of correlation with the thermal dust emission, as expected. The emissivity index, β is also found in the range 1.2 < β < 2.2, and in the range 1.4 < β < 1.8 for most of the ring, consistent with typical measurements of molecular clouds in Planck Collaboration et al. (2014a) .
A strong correlation can be seen between the AME amplitude and the Planck 857 GHz map denoted by the contours overlaid on each parameter map, with the three cores labelled regions A, B and C in Fig. 1 all having significant AME. The correlation between thermal dust and AME is a well-known relation since AME from spinning dust, if assumed to be the dominant mechanism, originates from grains that are typically mixed with the larger grains that are dominant in thermal dust emission.
The peak frequency of AME is also seen to be higher towards the centre of the ring, going from ≈ 35 GHz in the Hii bubble to ≈ 21 GHz in the ring, with typical peak frequencies of ≈ 24 GHz and dust temperatures of ≈ 21 K at the three main molecular cloud cores. A significant radially outward decrease of the peak frequency can be seen in the parameter maps. This is discussed in detail in Section 4.3. Around the ring, the width parameter is seen to physically vary in a significant way between 0.4 < WAME < 0.7, with wider distributions at the cores of regions A and B. While this parameter is potentially a proxy for the variety populations of spinning dust grains due to the predicted widening of the AME curve from the superposition of different populations, no strong correlation between it and the individual thermal dust emission parameters is observed. No correlations between WAME and the AME peak frequency or amplitude are observed either.
The τ353-normalised AME amplitudes trace the pergrain emission of AME, being a proxy for jν /nH where jν is the emissivity, and show higher per-grain emission by a factor of a few near the edges of the PDR enclosed by the ring.
It is worth noting that intrinsic spatial correlations exist between parameters due to the geometry. An example of this is free-free emission and the dust optical depth, which are inversely correlated. Correlations between pairs of parameters and their interpretations are discussed in Section 4.4.
Commander Comparison
Commander (Eriksen et al. 2008 ) is a widely used algorithm for joint component separation and CMB power spectrum estimation based on Gibbs sampling, which uses parametric models of the foreground signals to separate them. Here, we use the Planck Collaboration et al. (2016a) implementation of the Commander foreground separation maps available in the ESA Planck Legacy Archive 2 to assess the reliability of the Commander AME separation in Planck Collaboration et al. (2016a) . In particular, we are interested in assessing the improvements in the separation of AME and free-free with the better low-frequency coverage provided by C-BASS and QUIJOTE. The Planck implementation uses two Sp-Dust2 diffuse cold neutral medium templates to model the AME: one with a varying peak frequency, and another with a constant peak frequency of 33.35 GHz to account for broadening due to a superposition of components.
This study serves as a first demonstration of the improved intensity component separation with the addition of C-BASS and QUIJOTE. We do this by comparing the expected free-free and AME levels derived from our parameter maps in Fig. 3 
with the Planck Collaboration et al. (2016a)
Commander estimates, which only use data from Planck, WMAP and the 0.408 GHz survey by Haslam et al. (1982) . A direct comparison in the region is shown in Fig. 4 . While the arbitrary zero-levels of the two maps are different due to the way in which they are processed, the overall shapes of AME and free-free emission are similar. However, there are evident differences in the shape of the inner free-free region and in the relative brightness between the two main dark cloud clusters in regions A and B, as well as the appearance of a strong AME region in the Planck Collaboration et al.
(2016a) Commander map joining the two main cores. Individual examples point to clear leakages of AME into free-free emission and vice versa, which can be seen by eye. However, leakages primarily occur from AME into free-free in this region, which is consistent with QUIJOTE studies of the Taurus region by Poidevin et al. (2019) A clear overestimation of AME is seen in the Commander maps between regions A and B as a distinct AME feature. This feature is not expected since it does not correspond to any bright regions of thermal dust emission. An example of leakage of AME into free-free can be seen in region B in the Commander free-free map, which results in a bright spot of free-free emission strongly correlated with thermal dust in an environment where it is not physically expected. A similar case of leakage of AME into free-free is observed to a greater extent in region A, where the majority of AME in the centre of region A is lost to free-free emission. This shifts the centre of AME in Commander in region A away from the maximum thermal dust brightness, represented by the contours. This results in the AME bright spot in region A not appearing as a distinct, dominant feature in the Commander map, whereas in our map AME in region A correlates strongly with thermal dust emission, as reflected by the contours. At the same time, this case of leakage in region A increases free-free emission significantly, giving the overall free-free emission a tilted N -shape in the Commander map, which is not observed in our free-free map. Since ionization in the region is dominated by a single . Best-fit λ Orionis parameter maps in Galactic coordinates centred on G195.7-11.6, spanning 12. • 3 × 12. • 3. Regions a beam away from the background apertures are masked, as well as any point where parameters are in any way affected by fitting priors. The signal-to-noise of AME is denoted by S/N AME , where the detection of AME is in excess of 20 σ around the entirety of the ring. The contours are the Planck 857 GHz map smoothed to a FWHM of 20 arcmin with 6 evenly-spaced levels between 14.7 and 58.9 MJy sr −1 (the maximum flux density in the region) in steps of 8.84 MJy sr −1 . The 20 arcmin FWHM is chosen in order to preserve sub-degree details while making contours easier to visualise. central star (marked in Fig. 1) , a smooth radial decrease in the free-free level like the one in our map is expected over the structure in the Commander free-free map.
Overall, a key physical argument for our separation being more reliable are the stronger correlations between AME and thermal dust emission in our maps. The Spearman correlation coefficients between thermal dust emission at 857 GHz and our AME map, evaluated at N side = 64, is 0.89. With the Planck Collaboration et al. (2016a) Commander map, it drops to 0.85. Similarly, the Spearman correlation coefficient between the total fluxes at 22.8 GHz as measured in Commander and our analysis including C-BASS and QUIJOTE is 0.98, meaning that the total fluxes are very highly correlated. However, mixing between free-free and AME is reflected in the lower coefficients between the two AME maps, rs = 0.81, and the two freefree maps, rs = 0.89, where rs denotes a Spearman correlation coefficient. This highlights the importance of breaking degeneracies through low-frequency data such as C-BASS and QUIJOTE, and in particular the combination of several experiments, where the overall constraints in component separation are greater than their individual contributions. In this case, QUIJOTE and C-BASS work together, with QUIJOTE primarily constraining the peak frequencies and amplitudes of AME and C-BASS constraining the freefree level, which in turn contributes to the measurement of AAME. This case study of improved low-frequency component separation also emphasizes the limitations of stud- ies that make use of the Planck Collaboration et al. (2016a) implementation of the Commander maps, which do not include additional low-frequency data. This is particularly important in this region, where the two highest signal-to-noise AME features are very distinct from the Commander estimates.
AME Peak Frequency Variations
We report the first observational evidence of spatial variations in the AME peak frequency in a single region. Fig. 5 shows νAME as a function of the angular distance from star λ Orionis along radii running across two specific molecular clouds (top) and the overall trend in the entirety of the region (bottom, orange markers). Points with separations less than ≈ 4 • sit inside the ring, in the inner regions on the Hii bubble. A clear overall decrease of the peak frequency is observed the further we go from λ Orionis, with each radial profile (top) having a more well-defined functional form than the overall population (bottom), with a hint of non-linearity in the spatial decrease of νAME. It is also clear that the angular distance is not the only parameter that determines the decrease in νAME, since the radial profile traversing B30 (region A) is steeper than the B223 (B ) profile. For this reason, the fact that the overall shape of the population (bottom plot) shows a higher scatter than each one of the radial profiles it is to be expected, since the decrease in νAME would depend on local environmental parameters. Such environmental factors may include the intrinsic difference in the chemistry and sizes of grains in different molecular clouds, regions of active star formation with their own radiation fields around λ Orionis ( 20 27 D Orionis (pc) Figure 5 . AME peak frequency as a function of angular distance from star λ Orionis. Data points are drawn from maps at N side = 64, making each point quasi-independent since the pixel solid angle is ≈ 0.84 deg 2 . The x -axis is also shown at the top as a function of physical distance from λ Orionis based on Schlafly et al. (2014) , accurate to ≈ 10%. Top: two radial peak frequency profiles spaced by one degree emanating from star λ Orionis, with the black radial profile crossing molecular cloud B223 near the centre of region B and the orange radial profile crossing molecular cloud B30 in region A, which are the areas with the highest signal-to-noise. Bottom: given the approximately circular shape of the source, we bin the source radially, showing the overall reduction in peak frequency in the region in all directions in orange, along with the simulated peak frequencies from the validation tests detailed in Section 3.4 shown in light grey, which show that the peak frequency decrease is recovered. The weighted mean and the 1 σ scatter are shown in 1 • bins as a shaded orange region.
interstellar radiation field (ISRF) contributions are comparable to those from λ Orionis itself, and the fact that certain lines of sight intersect with foregrounds structures in the 3D shell around λ Orionis, giving a beam-integrated measurement of their properties. In addition, the region is only approximately circularly symmetric While there are well-known differences in peak frequencies between known AME sources in the sky, such as between Perseus with νAME = 27.8 ± 0.3 GHz and the California nebula with νAME = 50 ± 17 GHz (Planck Collaboration et al. 2014d), detecting changes in the peak frequency in a single region enables us to test spinning dust models by linking local environmental parameters to AME in the region and assessing the fundamental re-lations between them. With ≈ 1 deg resolution, studies like Planck Collaboration et al. (2014d) that look at smaller sources do not generally have enough resolution to resolve spatial variations, and beam dilution can affect the derived AME properties. However, spatial variations in AME amplitude are expected and have been observed in arcminutescale studies, such as those of Lynds nebulae (Casassus et al. 2006; Scaife et al. 2009 ), ρ Ophiuchi (Casassus et al. 2008; Arce-Tord et al. 2019) , Hii region RCW175 Battistelli et al. 2015) , Orion (Dickinson et al. 2010) and Perseus (Tibbs et al. 2013) . By observing spatial variations in the amplitude of AME, these studies suggest that spatial variations in all properties of AME are widespread at sub-degree scales, including spectral variations, which can be linked to local environmental parameters.
The relations between the peak frequency and environmental parameters in λ Orionis and their interpretation are discussed in Section 4.4.
Spinning Dust
We now compare the various physical parameters in Fig. 3 to each other in order to assess the fundamental relations between them in the region and relate them to spinning dust. In particular, the relation between AME parameters and environmental parameters such as the relative strength of the interstellar radiation field and thermal dust emission are explored. A selection of plots between parameters is shown in Fig. 6 . The ISRF strength is estimated using the proxy G0 = (TBG/17.5 K) 4+β BG (Mathis, Mezger & Panagia 1983) , where TBG is the temperature of large grains relative to the average value of 17.5 K and βBG is the emissivity index of large grains. We approximate these parameters using the values obtained from SED fitting, i.e., TBG ≈ T d and βBG ≈ β. We also calculate the thermal dust radiance, = ∞ 0 S d (ν) dν, and its uncertainties by directly integrating the fitted thermal dust curve.
The first two plots in Fig. 6, labelled A and B, show the radial dependence of the emission measure and temperature in the region. A sharp transition to a flat free-free level can be seen beyond ≈ 4 • , corresponding to the position of the PDR, while the temperature decreases with angular distance from the central ionizing star, as expected. These two variables are therefore correlated as seen in plot C through the effects imprinted by the radially decreasing radiation field produced by star λ Orionis, with a Spearman coefficient of 0.65 ± 0.05 as shown in plot C. An example of the correlation between EM and G0 is shown in plot D. Both linear models and power laws (i.e., y = A x α + C) are fitted to the data in order to determine the non-linearity of the relations. This is done using the Scipy orthogonal distance regression package based on Boggs & Rogers (1990) , which considers uncertainties in both axes. In all cases except for plot A, there is little evidence for deviations from α = 1, so linear models are fitted and shown instead. In the case of plot A, non-linearity is expected due to the discontinuity between the ionized and non-ionized environments separated by the PDR, which is why a linear fit is not shown.
Plot E shows a correlation between νAME and T d , with a Spearman correlation coefficient of 0.60 ± 0.07 and a linear gradient of 3.2±0.5 GHz K −1 . No significant deviations from linearity are found by fitting a power law. This correlation is perhaps surprising initially, since SpDust predictions, shown in Ali-Haïmoud, Hirata & Dickinson (2009), do not predict a direct dependence of νAME on T d in the range of radiation field strengths we observe in λ Orionis. In fact, Ali-Haïmoud, Hirata & Dickinson (2009) show that the rise of peak frequency with radiation field occurs at G0 100, while we expect 1 G0 10 in the region at degree scales. However, a range of environmental factors can lead to making this trend a reality, such as the effect of the radiation field driving the dust grain size distributions and dust temperatures in the region.
Two similar correlations can be seen in plot F between νAME and EM, and in plot G between νAME and G0. These have Spearman coefficients of 0.80 ± 0.03 and 0.58 ± 0.07, respectively. While the fact that all four parameters νAME, EM, T d and G0 are correlated with each other makes it difficult to determine the cause of the correlation, the radiation field is a likely interpretation of this effect. The effects of the ISRF would be imprinted in all EM, T d and G0, suggesting that the peak frequency changes as a result of the changes in the properties of the grains themselves as a consequence of the ISRF, such as dissociation into smaller grains and a greater energy budget for achieving higher rotational frequencies. These are the effects that may be dominating the correlation, assuming SpDust is a good model of spinning dust. The fact that correlation coefficient with G0 is lower than with EM and similar to the coefficient with T d is to be expected since G0 is merely a proxy for the true local interstellar radiation field strength. In Planck Collaboration et al. (2014d) , measured values for νAME are generally similar and smaller than those found inside the Hii region in λ Orionis, with the most prominent outlier being the California nebula with νAME = 50±17 GHz. The California nebula is also associated to an Hii region where the radiation field is dominated by O7 star ξ Persei (Lada, Lombardi & Alves 2009 ). This is a hint that the radiation field appears to be common and responsible, either directly and more likely indirectly through its effect on dust properties such as grain size distributions.
The next result is a correlation between the AME emissivity, approximated as AAME/τ353, and G0, shown in plot H, which also supports the idea that the ISRF is changing the properties of the grains by increasing ionization in spinning dust carriers, for example. This correlation was first reported in Tibbs et al. (2011 Tibbs et al. ( , 2012 , and corroborated by Planck Collaboration et al. (2014d) and Poidevin et al. (in prep.) . Here, a correlation coefficient of 0.82 ± 0.06 is found between the two variables. This relation is not expected in SpDust models at the ISRF strengths observed (Ali-Haïmoud, Hirata & Dickinson 2009), since the models predict that the emissivity changes very slowly over a large range of G0 values, only rising above G0 100 in the case where the radiation field does not change the properties of the grains themselves. This implies that these properties are changing in reality. A similar relation is seen in plot K, this time as a function of νAME, with a lower Spearman correlation coefficient of 0.60 ± 0.05. This is also expected in the region as a consequence of the correlation between G0 and νAME shown in plot G.
The relations between AAME, the thermal dust radiance Figure 6 . Correlation plots between the pairs of variables shown in Fig. 3 with a significance greater than 3 σ. Each data point is from an N side = 64 pixel. The angular distance from the position of OB star λ Orionis, located at G195.05-12.00, is denoted by θ λ Orionis . The numbers printed denote the Spearman correlation coefficients for each pair of parameters. Dashed lines represent linear models fitted to data with significant (> 5 σ from zero) Spearman correlation coefficients. and τ353 are shown in plots I and J, which have Spearman coefficients of 0.88 ± 0.05 and 0.82 ± 0.01, respectively.
shows a smaller scatter and higher correlation coefficient, making it the single best predictor of AAME in the region. The AME radiance, not plotted, which is calculated from the integral of our fitted log-normal model, also correlates with with a Spearman coefficient of 0.82 ± 0.06, although a larger scatter is seen and expected due to AME modelling uncertainties. The coupling of radiances, and more clearly, the coupling between the AME amplitude and is consistent with the two emission mechanisms sharing the same power source (i.e., λ Orionis), since their energy budgets correlate with one another. Radiance as the best AAME predictor in the region is consistent with the analysis in Hensley, Draine & Meisner (2016b) , with the caveat that their analysis uses the (Planck Collaboration et al. 2016a) implementation of the Commander maps. In fact, in the region, Planck Collaboration et al. (2016c) find that the best correlations with the Commander AME estimates are with τ353 and the 545 GHz map, not . However, in other studies that use template fitting at higher latitudes, τ353 is found to be a better template than (Dickinson et al. 2018) . In observations of ρ Oph by Arce-Tord et al. (2019) , a better correlation with thermal dust radiance is reported at degree-angular resolution, whereas the best correlation is found with WISE 12 µm (Wright et al. 2010 ) at arcminute scales, which is interpreted as a hint that grains other than PAHs may dominate in the region. Regardless, Arce-Tord et al. (2019) raise the important caveat in spinning dust correlation analyses that the angular scale can play a major role. One possibility for why being a better template for AAME in the region at degree-scales would not extend to the full sky is the assumption that τ353 is a proxy for NH , the hydrogen column density, where this relation generally depends on the environment (Planck Collaboration et al. 2014b ). In the case of λ Orionis, environmental variations may reduce the strength of the correlation between AAME and τ353. The specific source of energy in the region (star λ Orionis) also differs from the high-latitude sky, which is generally a softer integration over the local Galactic plane. In order to assess these relations over the entire sky, a component separation process such as Commander including low-frequency data such as C-BASS and QUIJOTE is necessary. This will enable the breaking of degeneracies among the different parameters with AME parameters. This type of analysis is being implemented in the Northern sky using QUIJOTE (Casaponsa et al. in prep.) and C-BASS data (Herman et al. in prep.) .
The above discussion is reflected in the radiancenormalised emissivity, AAME/ , as a function of G0, shown in plot L, where no correlation is found with a coefficient of 0.30 ± 0.10. This is in part because and AAME correlate well with each other to the extent that no measurable structure is left when taking the ratio between the two.
Overall, the correlations between parameters shown in Fig. 6 point to a region where the ISRF from star λ Orionis plays an important role in modifying the properties of the dust grains by a combination of dissociating grains and changing their size distribution, increasing their overall ionization and by providing an energy budget for higher peak frequencies closer to the star, with a combination of EM and T d being the best predictors of νAME, being the best parameter to use as a tracer for the amplitude of AME in the region, and G0 being a good predictor of the AME emissivity approximated as AAME/τ353.
Are PAHs responsible?
Determining the dominant carriers of spinning dust emission is a long-standing objective in AME research (Dickinson et al. 2018) . While it is likely that several species of AME carriers coexist due to the chemical diversity in dust grain populations, such as those labelled diffuse interstellar band (DIB) carriers (Bernstein et al. 2015) , and that their relative abundances and contributions may be regiondependent, PAHs are generally considered a major candidate for diffuse spinning dust emission. This is due to the abundance and ubiquity of nanometer-sized PAHs with an electric dipole moment (Tielens 2008) .
In this section, we use the AKARI 9 µm data in the region (Bell et al. 2019) to assess correlations with the recovered AME amplitude map shown in Fig. 3 , as well as correlations between AAME and individual frequency maps in Table 1 . This is done through Spearman correlation coefficients calculated at N side = 64, and simulated using the uncertainty distributions in AAME, which are a much greater contribution to the final uncertainties than noise in the individual frequency maps at N side = 64. Calibration uncertainties do no directly affect the Spearman coefficients, since they are invariant under displacements such as changes in the absolute background level or scaling (e.g., calibration).
The AKARI 9 µm map in λ Orionis was first reported to show a strong correlation with the Commander AME amplitude map by Bell et al. (2018) . This study is extended in Bell et al. (2019) , where correlations between the Commander maps and individual frequency maps are assessed. As discussed in Section 4.2, the Commander AME map suffers from degeneracies with free-free emission, so the QUIJOTE and C-BASS-aided AAME map is a more reliable estimate of AME in the region. This is supported in this case by the fact that using Commander AME amplitudes reduces the absolute Spearman correlation coefficients at all frequencies relative to those calculated using our AAME map. For example, at the DIRBE-COBE 1249 GHz band, correlations drop from 0.911 ± 0.004 to 0.861 when switching our AME map to the Planck Collaboration et al. (2016a) Commander separation. Similarly, correlations with the AKARI map drop from 0.877±0.009 to 0.827. The latter value is different from the coefficient of 0.89 in Bell et al. (2019) due to the masking used in their study, which removes the brightest spots of emission, whereas we evaluate coefficients across the entire region including regions A and B.
The Spearman correlation coefficients as a function of frequency are shown in Fig. 7 . Four main features can be seen: a peak around ∼ 20 GHz, a range of correlations greater than 0.8 between 200 < ν < 2000 GHz, a dip in the correlation coefficient near 60 µm, and an increase from that point up to 9 µm. The negative correlations below ≈ 10 GHz are due to the intrinsic spatial anticorrelation between AME in the region and the free-free emission in low-frequency maps. The coefficient peak at ≈ 20 GHz corresponds to the maximum AME contribution in the region relative to other emission mechanisms at those frequencies; primarily free-free emission, which results in overall coefficients at ≈ 20 GHz much lower than those at thermal dust frequencies. Spearman coefficients rise quickly above 100 GHz due to the rapid overtaking of thermal dust emission as the dominant mechanism in CMB-subtracted maps. The highest correlations are reached at the Planck 857 GHz and DIRBE 1249 GHz maps, with Spearman coefficients of 0.897 ± 0.006 and 0.903 ± 0.006, respectively. This implies that these frequencies are the best tracers of AME in the region if the maps are used without any subtraction of background emission mechanisms. As thermal dust emission from large grains starts to decrease above ≈ 2000 GHz, sub-mm/IR emission from stochastically-heated grains out of local thermal equilibrium and contributions from very small grains (VSGs) become a significant component, which generally peaks around the minimum observed correlation near 60 µm, as shown in Bell et al. (2019) . The DIRBE and IRIS points give statistically consistent values where their frequencies overlap, with a small (2.2 σ) discrepancy at 25 µm, likely from their different bandpass shapes. The rise in Spearman coefficients at 25 µm is likely due to the overlap of the DIRBE and IRIS bands with the first PAH emission continuum. Smith et al. (2007) show typical measured PAH emission spectra in star forming galaxies, which can generally vary but give an idea of the possible spectra to be expected in λ Orionis. The IRIS 12 µm map also covers PAH features at 8.6, 11.2 and 12.7 µm and is therefore expected to have a lesser relative contribution from VSGs (Bell et al. 2019) , showing an even higher degree of correlation with AAME than the 25 µm map. The AKARI 9 µm shows the highest correlation at near-IR frequencies with a Spearman coefficient of 0.849 ± 0.009. One possibility for this is the dominance of PAH emission in its band. The high degree of correlation implies that the dust and the PAHs are generally well-mixed in the region, as expected.
The lower correlation in the AKARI 9 µm is 5 σ from the correlation coefficient for the Planck 857 GHz map near the thermal dust emission peak. However, this cannot be interpreted as evidence against PAH-dominated spinning dust in the region. The main reason for this is that residual emission uncorrelated with dust will reduce the Spearman coefficient, as can be seen in the case of the peak around ≈ 20 GHz. The degree of dominance of thermal dust emission near its peak Figure 7 . Spearman correlation coefficients between the AME amplitude map shown in Fig. 3 and individual frequency maps. The main uncertainties come from the uncertainties in A AME . could therefore explain why the highest coefficients are obtained in this range, while AKARI has much higher relative residual diffuse contributions from VSGs and stochastically heated grains, which could account for the relatively small difference between the two coefficients. A secondary factor that can change the absolute level of Spearman correlations is the potential region-dependent abundance and contributions from different PAH species.
It is worth noting that while in the AME and thermal dust maps below 2 THz region A is brighter than region B, the reverse is true in both the AKARI and maps above 3 THz. Since most information in measuring the Spearman correlations comes from the brightest spots (e.g., regions A and B ), this reversal is likely responsible for the lower coefficients and is likely to come from relative PAH and VSG contributions.
While the subtraction of non-PAH mechanisms at near-IR bands is beyond the scope of this paper and our capabilities without additional near-IR data, two main conclusions can be drawn. Firstly, the reduction in correlations at sub-mm/IR frequencies is a hint that emission from stochastically-heated grains and VSGs has a different morphology to AME in the region. Secondly, the rise in coefficients at bands containing PAH bands above 60 µm imply that PAHs are generally well-mixed with large grains and AME in the region. Overall, this highlights the need for follow-up high spatial and frequency resolution studies of AME regions, which have the potential to determine the dominant carrier molecules.
CONCLUSIONS
This paper addresses three fundamental questions on lowfrequency foregrounds, and specifically AME: Does the peak frequency of AME vary spatially with other environmental parameters, and how does this relate to current spinning dust models? How do PAH bands correlate with spinning dust and thermal dust emission, and could they be the dominant carriers? How reliable is the Planck Collaboration et al. (2016a) Commander AME separation, and how much do low-frequency data from QUIJOTE and C-BASS improve it in the region?
By extracting physical parameter maps of the region including an empirical log-normal approximation of the AME spectrum, we were able to make the first detection of variations in the AME peak frequency in a single region. The peak frequencies decrease radially outwards from star λ Orionis, with individual radial profiles having a more well-defined functional form than the overall population. This is expected since the decrease in peak frequencies along each radii can depend on the local environment and the ring is only approximately circular. The spatial variation in peak frequencies is strongly correlated with the emission measures, dust temperatures and G0, a proxy for the local radiation field.
We also corroborated the previously reported result that the AME emissivity, approximated as AAME/τ353, is correlated with G0 (Tibbs et al. 2011 (Tibbs et al. , 2012 Planck Collaboration et al. 2014d ). The correlation of νAME and AAME/τ353 on the local radiation field is not expected in SpDust models since the models predict that the AME emissivity and peak frequency change very slowly over a large range of G0 values, larger than those seen in the region. Therefore, this analysis is a hint towards the key role of the ISRF, primarily from λ Orionis, on modifying the steady-state distribution of dust grain sizes and dipole moments in the region through a combination of effects. The changing of grain properties by the ISRF is an effect that SpDust currently does not directly model, since a single parameter can be changed independently while in practice changing one parameter can affect the others. The correlation between the AME and thermal dust radiances supports the idea that both emission mechanisms share the same power source in the region. The remarkable relations between the thermal dust radiance, , and the AAME amplitude make radiance a better predictor of AME in the region than τ353 due to the lower scatter and higher Spearman correlation coefficients in .
This paper also assesses Spearman correlation coefficients between AAME and individual frequency maps including the AKARI 9 µm PAH-dominated map. The best frequency templates for the AME amplitude in the region is found to be the Planck 857 GHz and the DIRBE-COBE 1249 GHz map, with all maps in the range 200 < ν < 2000 GHz exhibiting correlation coefficients above 0.8. A local minimum in correlation coefficients is found at the 60 µm DIRBE and IRIS bands, corresponding to a region where emission from stochastically heated grains is not in local thermal equilibrium. The increase in correlation coefficients at 25, 12 and 9 µm, with increasing relative PAH contributions, suggests that PAHs in the region are well-mixed with AME carriers and large grains in thermal equilibrium.
Finally, by using QUIJOTE and C-BASS, we have shown that the Planck Collaboration et al. (2016a) Commander separation maps in the region suffer from degeneracies between free-free emission and AME due to the limited frequency coverage of the data used, highlighting the need for data below ≈ 20 GHz as discussed in Génova-Santos et al. (2017) and Poidevin et al. (2019) . The addition of low frequencies emphasizes the importance of cross-collaborations at low frequencies such as QUIJOTE and C-BASS, where the overall outcome far exceeds the sum of their individual contributions. This is especially important towards understanding AME at degree-scales.
While the λ Orionis ring provides another piece of evidence for PDRs being good regions to look for AME and spatial variations in it, the main caveat of this paper is that the results above apply to this region at angular scales of a degree. Therefore, more regions and statistical studies are needed before these results can be extrapolated to the entire sky. Future work will aim to study variations in AME across regions at a higher resolution using instruments such as the Green Bank Telescope, together with mid-infrared observations of AME carrier candidates such as PAHs, fully exploring the nature of AME across PDRs and dark clouds. In order to confirm or rule out the dominance of different species as AME carriers, sub-mm/IR emission lines must also be disentangled, separating their contribution from the emission from other mechanisms. The highly-dimensional parameter space of spinning dust models makes linking theory to observations difficult, but with enough data a very interesting opportunity to study the properties and physics of the interstellar medium not traced by other emission mechanisms will arise. The improved constraining power of lowfrequency data from experiments such as QUIJOTE and C-BASS should be used to build an improved component separation of AME, improving analyses such as Planck Collaboration et al. (2014d) and breaking down the complexity of observations into fundamental relations with which the theory can be tested.
